The toxicity of engineered nanomaterials in biological systems depends on both the nanomaterial properties and the exposure duration. Herein we used a multi-tier strategy to investigate the relationship between user-characterized multi-walled carbon nanotubes (MWCNTs) exposure duration and their induced biochemical and biomechanical effects on model human lung epithelial cells (BEAS-2B). Our results showed that exposure to MWCNTs leads to time-dependent intracellular uptake and generation of reactive oxygen species (ROS), along with time-dependent gradual changes in cellular biomechanical properties. In particular, the amount of internalized MWCNTs followed a sigmoidal curve with the majority of the MWCNTs being internalized within 6 h of exposure; further, the sigmoidal uptake correlated with the changes in the oxidative levels and cellular biomechanical properties respectively. Our study provides new insights into the time-dependent induced toxicity caused by exposure to occupationally relevant doses of MWCNTs and could potentially help establish bases for early risk assessments of other nanomaterials toxicological profiles.
Introduction
The versatility in physical and chemical properties including high strength to weight ratio, 1, 2, 3 electrical 4 and thermal conductivity 5 make multi-walled carbon nanotubes (MWCNTs) attractive candidates for applications in a wide variety of fields from electronic devices, 6 sports equipment, 7 aerospace industry, 8 to sensors 9 and composite materials. 10 Recently, functionalization of MWCNTs with amino acids, 11 peptides, 12 and other small biomolecules 13 has been explored for biomedical and biotechnological applications in gene 14 and drug delivery, 15 bioimaging, 16 and for therapeutics. 17 However, as the list of potential bio-related applications increases, so do concerns regarding MWCNTs potential to induce toxicity in biological systems. 18 Studies showed that MWCNTs interactions with biological systems are dependent on the nanomaterial physico-chemical properties, with MWCNT-induced toxicity being attributed to various material's characteristics including size, 19 surface charge, 20 and aggregation state. 21 Studies also revealed that upon uptake through either piercing 22 or endocytosis, 23 MWCNTs translocate the cell altering its physiological properties and fate, by causing cyto and genotoxicity. For instance, research showed that MWCNTs cytoplasmic translocation resulted in reactive oxygen species (ROS) generation 24, 25 and changes in cellular elasticity, 26 with variations in the cellular mechanical properties indicating cellular transformation and potential for cancer development. [26] [27] [28] Further analysis showed that MWCNTs containing precursor metal catalysts displayed a stronger toxicity than their catalyst-free counterparts. 29 Reduced toxicity was observed upon acid washing and carboxylation of MWCNTs, 30 with the diminished effects being attributed to the nanotube shorter lengths and higher dispersity resulted from acid cutting at the MWCNT defect sites, as well as grafting of O-related functionalities. 31 For genotoxicity, uptake of MWCNTs resulted in their initial accumulation in the cell endosome 32 ; subsequent release in the cytoplasm led to MWCNT interactions with cell nucleus, 23 polyploidy, 33 changes in chromosome numbers, 34 and disruption of mitosis, 35 just to name a few. Based on these previous studies showing that MWCNTs uptake and cellular translocation result in complex interactions with cellular components, we now begin to understand how exposure to nanotubes may be involved in the mechanisms responsible of cancer initiation. 36 However, predicting the time of uptake in relation to the nanomaterial physico-chemical properties and its aggregation state, as well as predicting time-dependent nanotube-induced cellular fate upon nanomaterial internalization have been challenging. Further, the correlations between early onsets of exposure and immediate cellular responses are still lacking. Assessment of early exposure onsets are required for preventing MWCNT-induced deleterious effects, to reduce the risks for cell transformation or cancer development 28, 34, 36 to thus help contribute to the next generation of biomedical applications or products based on these nanomaterials. 37 The present study aimed to investigate the cellular effects induced by short duration (1-12 h) exposure to occupational relevant doses of MWCNTs as derived from recommendations made by the Occupational Safety and Health Administration (OSHA) for particles less than 5 µm in diameter. 28 By using a combination of analytical techniques relying on Fluorescence Activated Cell Sorting (FACS), Atomic Force Microscopy (AFM) nanoindentation and a versatile human lung epithelial cells (BEAS-2B) model, 26, 28 we assessed MWCNT-induced cellular changes and investigated how early cellular uptake and MWCNT cytoplasmic accumulation lead to biomechanical and biochemical cell transformations and thus help explain cellular fate as well as to possibly set norms for onsets risk assessment of this nanomaterial.
(total volume of 2 mL) in (2-N-morpholino) ethanesulfonic acid sodium salt (MES buffer, 50 mM, pH 4.7, Sigma, USA) for 15 min at room temperature on a bench shaker operating at 200 rpm. EDC/NHS activated MWCNTs were subsequently filtered through a 0.2 µm GTTP filter membrane, washed thoroughly with MES buffer to remove ester residues, and immediately redispersed in 2 mL of 1 mg/mL Alexa-BSA solution in PBS, pH 7.4 for 3 h at room temperature with shaking at 200 rpm. When the time elapsed, the resulting Alexa-BSA-MWCNT conjugates were filtered and washed extensively with PBS to remove any unbound protein. The supernatant and the first two washes were collected to help quantify the amount of protein washed out (i.e., amount of protein not bound to the MWCNTs).
Protein loading onto MWCNTs
The amount of Alexa-BSA immobilized onto MWCNTs (i.e., loaded protein) was determined using standard colorimetric bicinchoninic acid assay (BCA , Pierce, USA) by subtracting the amount of protein washed out in the supernatant and the first two washes from the amount of protein offered to the MWCNTs during the initial incubation step. Briefly, the working reagent was prepared by mixing 50 parts of reagent A (1000 µL), with 1 part of reagent B (20 µL). Next, 1000 µl of the working reagent was mixed with 50 µL of the supernatant or the isolated washes. The resulting solution was vortexed lightly and incubated in a water bath at 37 o C for 30 min. Subsequently, the sample absorbance was monitored at 562 nm (Spectrophotometer, Evolution 300/600, Thermo Fisher, USA) and compared to the absorbance of known concentrations of free Alexa-BSA in PBS mixed with the working buffer.
Emission efficiency of the loaded protein
The emission efficiency of the Alexa-BSA loaded onto the MWCNTs surface was evaluated using a spectroscopical assay. 38, 40 Briefly, the absorbance spectrum of 100 µg/ml of Alexa-BSA-MWCNT conjugates was recorded relative to both the absorbance spectrum of unlabeled MWCNTs (100 µg/ml) and the absorbance spectrum of free Alexa-BSA at an amount equivalent to the amount loaded onto the MWCNTs. The absorbance spectrum of immobilized Alexa-BSA (excitation at 488 nm and emission at 515 nm) was quantified by subtracting the values of the unlabeled MWCNTs from the absorbance values of the Alexa-BSA-MWCNTs, with the efficiency of emission being determined as the height of the absorbance peaks of the bound protein relative to the height of the peaks of free protein in solution.
Cell culture
Human bronchial epithelial cells (BEAS-2B, ATCC, USA) were cultured in DMEM media supplemented with 10% FBS, 2 mM L-glutamine and 100-units/ml penicillin/streptomycin (reagents were purchased from Invitrogen, USA). Cells were passaged regularly using 0.25% (w/v) trypsin (Invitrogen, USA) with 1.5 mM EDTA (Molecular Probes, USA) and maintained in a humidified atmosphere at 37ºC and under 5% CO 2 .
Fluorescence Activated Cell Sorting (FACS) analysis
Cells in DMEM media with 10% FBS were seeded in T75 flasks (Fisher, USA) for 24 h at a density of 3.71 x 10 5 cells and subsequently treated with 24 µg/cm 2 Alexa-BSA-MWCNT conjugates or unlabeled MWCNTs, each dispersed using a brief bath sonication (5 sec in 1 sec increments) in fresh media. Cellular exposure was performed for different time periods, i.e., 1, 3, 6 or 12 h respectively; control samples of untreated cells or cells exposed to free Alexa-BSA at an equivalent amount to the amount loaded onto the MWCNTs were also performed.
For uptake analysis, cells were washed with fresh PBS, collected using 0.25% trypsin, suspended in DMEM with 10% FBS and centrifuged at 1200 for 5 min to remove noninternalized or loosely bound Alexa-BSA-MWCNT conjugates, free MWCNTs or free Alexa-BSA in solution respectively. Subsequently the samples were washed with PBS, pelleted, and incubated at room temperature for 15 min in 100 µL of glutaraldehyde solution (4%, Sigma, USA). Upon incubation, the samples were washed again with PBS and analyzed using a FACS Caliber flow cytometer (Becton Dickinson, USA). The forward scatter (FSC) and side scatter (SSC) were adjusted using control cells to lay in a range of 0-1000; gating included the majority of the live cell population. FITC signal for the Alexa-BSA or derivate MWCNT-based conjugates used excitation at 488 nm and emission at 515 nm. At least 10000 events were contained in the gated area and data was analyzed and plotted using Flow Jo v7.2.5 software.
Reactive oxygen species (ROS) evaluation
Intracellular ROS generation was determined using the oxidation-sensitive fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCF-DA; Sigma, USA). Upon formation of ROS, cellular esterase hydrolyzes DCF-DA to the highly fluorescent 2', 7'-dichlorofluorescein (DCF). 41 Briefly, BEAS-2B cells were seeded overnight in a 96-well plate (Corning, USA) at a density of 1.5x10 4 cell per well, and incubated with 5 µM DCF-DA at 37 °C for 30 min. Subsequently, the cells were treated with 24 µg/cm 2 MWCNTs suspended in Hank's Balanced Salt Solution (HBSS; Life Technologies, USA) for different time periods. Control samples of unexposed cells or cells exposed to pristine MWCNTs were also investigated. Quantification of the intracellular levels of ROS was performed using a multi-well plate reader (FLUOstar OPTIMA, BMG LABTECH Inc., USA) and evaluating the DCF fluorescence at 485 nm excitation and 520 nm emission respectively.
Biomechanical analysis
Cells were seeded at a density of 10 5 cells in 50 mm x 9 mm petri dishes (BD Biosciences, USA) and exposed to 24 µg/cm 2 of MWCNTs for 1, 3, 6 or 12 h, respectively. The exposed cells were washed twice with PBS (5 min for each washing step) and fixed with 4% glutaraldehyde solution for 30 min. Three additional washing steps were performed to remove free glutaraldehyde; the petri dishes were subsequently filled with PBS and used for elasticity analysis. Elastic modulus analysis of the BEAS-2B cells exposed to MWCNTs or of the unexposed control cells were performed using an AFM integrated with an inverted fluorescence microscope (MFP-3D-BIO AFM, Asylum Research, USA). The nanomechanical properties of control cells and cells exposed to MWCNTs were evaluated using Sneddon's modification of the Hertz model developed for a four-sided pyramid. [42] [43] [44] Force-displacement curves acquired during elastic mapping were converted into force-indentation curves 45 based on the assumption that the indentation depth of the sample is extremely thick. 46 The cells elasticity (Young's modules, E) was evaluated knowing the indentation of the tip, δ, the Poisson's ratio v for the cell (0.5 44 ) and the opening angle of the tip, i.e., α=36°. The cantilever was calibrated against a plastic substrate and its exact spring constant was determined using thermal tuning method prior every experiment. 47 The trigger force was in the nanonewtons range (i.e., 2.8-4.6 nN) and the fitting percentage used for all experiments analysis was 90%.
Statistical analysis
Alexa-BSA loading onto the MWCNTs and Alexa-BSA functionality analysis were repeated six times. FACS experiments were performed in triplicates and repeated three times. The triplicate samples were averaged to provide three independent replications. ROS experiments were performed for four independent replicates and repeated three times; for a total of minimum 12 samples per each time point. All results are presented as mean ± standard deviation. Two-way analysis of variance (ANOVA) and unpaired two-tailed Student's T-test were performed using JMP 8.0 (SAS Institute) and Sigma Plot 10.0 (Systat Software Inc.). The elasticity experiments were performed using a complete randomized block design with each block containing two cell culture dishes; three independent blocks were run for each one of the experimental onsets being investigated. For each culture, six individual randomly selected cells were examined for the biomechanical analysis and averaged into a single value as cells from the same culture are not independent. The variables were analyzed using the Proc Mixed procedure in SAS/Stat for Windows (SAS) with experimental block modeled as a random effect.
All differences were considered statistically significant for p* <0.05.
Results and Discussion
A multi-tier strategy was used to investigate the cellular responses to differential uptake of user-characterized multi-walled carbon nanotubes (MWCNTs). The strategy involved timecontrolled exposures of model human lung epithelial cells (BEAS-2B) 26, 28 to occupationally relevant doses of 24 µg/cm 2 of MWCNTs with user-characterized physical and chemical properties. The exposure dose chosen for this investigation was based on previous recommendations made by the Occupational Safety and Health Administration (OSHA) for particles less than 5 µm in diameter; 28 the dose corresponds to human work space exposure of 8 years at 5 mg/m 3 and was extrapolated from in vivo CNT exposure data normalized to alveolar surface area of mice lungs. 28, 34, 48 The proposed multi-tier strategy is aimed to help identify the early exposure onsets-induced cellular fate and potential deleterious effects of MWCNTs thus further our understanding of nanotube-induced toxicity.
The physical and chemical properties of MWCNTs were determined using energy dispersive X-ray spectroscopy (EDX) for elemental composition and Atomic Force Microscopy (AFM) for nanotubes length. Previous studies have shown that the presence of high contents of metal impurities (Fe and Ni) in nanotubes could induce mitochondrial membrane damage, generation of reactive oxygen species (ROS), loss in intracellular low molecular weight thiols (GSH) and accumulation of lipid hydroperoxides macrophages. 36, 37, 49 Our analysis revealed that the MWCNTs used in this study had minimum traces of Fe and Cu catalysts (combined, only about 1.50 wt%), with the dominant element being carbon (C, 90.25 wt%; Table S1 ). The presence of oxygen (O, 7.56 wt% ) in the sample was presumably due the washing of the pristine (as purchased) MWCNTs in the mixture of sulfuric and nitric acids known to graft O-related functional groups. 31 Such grafting was further responsible for the observed increased dispersity of the nanotubes in different media, all relative to their pristine counterparts (Table S2) . Lastly, ~75% of nanotube shortening was observed by AFM analysis (i.e., 1040±553 nm from 4261±2354 nm respectively) confirming previous reports (Table S3) . 26, 50 Fluorescence Activated Cell Sorting (FACS) was used to evaluate the uptake of the usercharacterized MWCNTs. 36, 51 For this MWCNTs were covalently functionalized with 488 Alexa Bovine Serum Albumin (Alexa-BSA) using the O-related functional groups grafted upon acid treatment and a zero-length chemistry; 52 covalent immobilization of the Alexa-BSA ensured stable protein binding thus eliminating concerns associated with possible protein removal during MWCNTs sonication in cellular media. Alexa-BSA labeling was the preferred method to facilitate FACS analysis of MWCNTs uptake since previous studies showed that the protein does not significantly change the internalization conditions of the nanotubes, with in vitro studies assessing and comparing cellular-induced fate upon exposure to both labeled or unlabeled nanotubes present in media enriched with free amino acids, nutrition factors and BSA. 53, 54 Our loading analysis showed that the amount of Alexa-BSA immobilized onto the MWCNTs was 0.22 ±0.06 mg protein per mg MWCNTs, comparable to previous published reports. [55] [56] [57] Our dispersity analysis (Table S2 ) comparing labeled and unlabeled MWCNTs dispersed in cellular media (the cellular media contains free protein and amino acids, with a minimum of 1 mg/ml glucose, 7.6 mg/ml proteins and 4.6 mg/ml albumins respectively 58, 59 ) did not reveal significant changes in the sample dispersity, all relative to control buffer systems, while spectroscopy analysis confirmed that the immobilized Alexa-BSA retained its functionality. In particular, the efficiency of fluorescence emission of the immobilized protein relative to the free protein in solution at the same amount was 34 ± 9% ( Figure 1a) ; the reduced efficiency was presumably due to the protein deformation and quenching at the nanotube interface. 38, 39 Raman spectroscopy also confirmed protein immobilization as a change in the I D /I G ratio of Alexa-BSA-MWCNTs (0.967) relative to MWCNTs alone (0.799) (Figure 1b , Table  S4 ) where the I D /I G represents the degree of disorder in the C-based structure with the G band being related to the presence of sp2 species 60 and the D band being associated with defects and non-crystal species. 61 The change in the fluorescence intensity of the cells exposed to Alexa-BSA-MWCNT conjugates relative to controls (i.e., unexposed cells, cells exposed to the same amount of free Alexa-BSA as the amount additionally loaded onto the nanotubes, or cells exposed to MWCNTs) as recorded by FACS is shown in Figure 2 . The analysis showed that within the first hour of exposure (Figure 2a) , the uptake of Alexa-BSA-MWCNTs was relatively slow and did not result in significant changes in the FITC signal of the exposed cells relative to their controls. A higher FITC signal was however observed upon cellular uptake of the free Alexa-BSA; this was presumably associated with the free protein's ability to cross the cellular membrane more efficiently than its MWCNT-immobilized counterpart. 62 Analysis also showed that longer exposure time led to a gradual increase in the FITC signal of the cells exposed to Alexa-BSA-MWCNT conjugates and free Alexa-BSA respectively, both relative to unexposed cells or cells exposed to MWCNTs (Figure 2a) . Specifically, after 3 h of exposure there was a 55% increase in the FITC signal of the cells exposed to Alexa-BSA-MWCNTs relative to unexposed cells, a 19% increase relative to cells exposed to unlabeled MWCNTs, and a 12% increase relative to cells exposed to free Alexa-BSA. Similarly, after 6 h of exposure, the FITC signal of the cells exposed to Alexa-BSA-MWCNTs showed a 92%, 50%, and 20% change relative to the FITC signal of the unexposed cells, cells exposed to unlabeled MWCNTs, or cells exposed to free Alexa-BSA respectively. Finally, after 12 h exposure the FITC signal of the cells exposed to Alexa-BSAMWCNTs was about 100% higher than that of the unexposed cells and cells exposed to unlabeled MWCNTs respectively, and only slightly higher (not statistically significant) than that of the cells exposed to free Alexa-BSA.
The lower FITC signal observed for the cells exposed to free Alexa-BSA relative to the cells exposed to the Alexa-BSA-MWCNT conjugates is presumably due to increased free protein susceptibility for proteosomal degradation 63 relative to its immobilized counterpart known to have increased stability upon immobilization at the MWCNTs interface. 38 Although the signal of cells exposed to unlabeled MWCNTs did not yield significant differences relative to unexposed cells at all the time points being investigated, it seemed to have gradually increased with the exposure duration up to 6 h only to return to its baseline after 12 h. Such trend is presumably associated with increased MWCNTs intracellular translocation, association and co-localization with cellular elements 35, 64 that will interfere with the intrinsic fluorescence of the MWCNTs to thus lead to the observed change in intensity. 36, 65, 66 Figure 2b shows the comparative cross-analysis of the normalized fluorescent intensity of the cells exposed to Alexa-BSA-MWCNT conjugates relative to unexposed cells, all as a function of the exposure time. The analysis showed that the uptake of Alexa-BSA-MWCNT conjugates followed a three parameter sigmoid curve and increased with the exposure time. Specifically, within the first hour of exposure there was a 15% increase in the fluorescent intensity, while between 1 and 3 h of exposure the fluorescent intensity of cells exposed to the conjugates increased by 39% accounting for a total increase of ~54% in 3 h time frame, all relative to the intensity of unexposed control cells. Furthermore, between 3 and 6 h of exposure there was an additional 37% increase in the fluorescence intensity, while between 6 and 12 h the increase in intensity was less evident. These results are in agreement with previous reports that showed that the highest increase in CNTs cellular uptake and internalization occur within 3 h from initial cellular exposure. 32, 67 We correlated the differential, time-dependent uptake as recorded by FACS with the intracellular oxidative species (ROS) using 2',7'-dichlorofluorescein diacetate (DCF-DA) fluorescence probe. 68 Our aim was to determine whether the observed time-dependent, differential uptake leads to a gradual formation and accumulation of ROS; the interest in ROS is driven by the current research which shows that superoxide (O 2‾ ), hydroxyl radical (OH -), and nonradical derivatives of O such as hydrogen peroxide (H 2 O 2 ) accelerate cell death by damaging cellular components including DNA, proteins, and lipid membranes. [69] [70] [71] [72] ROS generation following MWCNTs exposure was previously shown to lead to changes in the mitochondrial potential and apoptosis signaling activation, 71, 73 with ROS generation depending of acellular factors such as particle surface, size, composition and/or being due to cellular responses resulting from MWCNTs-cell interaction.
Our ROS analysis complemented FACS results and showed increased levels in the amount of ROS generated following 1, 3 and 6 h exposure to MWCNT and decreased levels similar to those of controls after 12 h of exposure (Figure 3) . The significant increase in the ROS after 1 h exposure is associated with the high sensitivity of the DCF-DA fluorescent probe which can record O 2 , OH -, or H 2 O 2 at very low concentrations even after a reduced uptake of the nanotubes; this is in contrast with the FACS sensitivity which requires higher FITC signal for detection. 74 The drop after 12 h of exposure is presumably associated either with the regulations in the intracellular glutathione (GSH), a major antioxidant that protects cells from oxidative stress 75 or the quenching effects of the internalized MWCNTs. 76 In particular, prolonged MWCNTs exposure could lead to a gradual accumulation of GSH which will eventually balance the cellular ROS oxidative levels. 77, 78 Complementary, intracellular accumulation of MWCNTs could lead to quenching of the cell-derived radicals by scavenging of the oxygen-centered molecules (i.e., HO -and O 3 + ). 79 Controlled experiments of the ROS levels of the cells exposed to purified MWCNTs relative to pristine counterparts are also shown (Supporting information, Figure S1 ). Results showed that the ROS levels for the cells exposed to pristine MWCNTs followed a similar trend to that of the cells exposed to their purified counterparts. The ROS levels for the cells exposed to pristine MWCNTs was significantly higher than that of control cells within the first hour of exposure, reached a maximum value after aproximatly 8 h of exposure and eventually decreased with time remaining yet significantly higher than controls even after longer exposure duration (i.e., 12 h). Cross-comparision of the ROS levels between the cells exposed to pristine and purified MWCNTs respectively, showed that the pristine samples induced significantly higher ROS levels relative to their purified counterparts, for all time points being investigated. This observation is presumably associated either with the larger aspect-ratio of the pristine MWCNTs (as confirmed by AFM), their increased levels of metal impurities, (i.e., Fe 49, 73, 80, 81 ; as confirmed by our EDX analysis), and/or lower dispersity (see dispersity analysis; Table S2 ).
Based on these results which showed both differential, time-dependent uptake and intracellular ROS generation upon cells exposure to MWCNT, we hypothesize that MWCNTs accumulation in the cell leads to changes in cellular biomechanics, all in a time-dependent manner. Our hypothesis is supported by previous studies which showed that cells exposed to iron-based nanoparticles generate ROS which induces changes in their cytoskeleton and mechanical properties 82 as well as our own previous studies which showed that exposure to MWCNTs for a determined time frame of 24 h induce changes in cellular biomechanics with nanotubes localization at the cell nucleus. 26 The degree of cellular biomechanical changes upon 1, 3, 6 or 12 h of cellular exposure to MWCNTs were investigated using AFM and nanoindentation. 26 Specifically, micro-scale cellular stiffness was assessed from the bending of the AFM cantilever upon tip indentation in response to a known applied force; fitting the force-indentation curve to the Hertz model provided quantitative measurements of both the cell body as well as cell nucleus as distinguished based on the interactions between the AFM tip and the cell. 36 In particular, nuclear regions are known to show weaker engaging of the AFM tip than the cell edges due to their less concentrated cytoskeleton fibers as well as higher height above the surface. 36, 83 Analysis of the BEAS-2B cells exposed to MWCNTs for 1, 3, 6 or 12 h and fixed with glutaraldehyde is shown in Figure 4 ; the fixation was chosen as a mean to preserve the cellular properties during tip scanning. 26 Results indicated that control cells have Young's modulus ranging from 100 to 400 kPa with higher values recorded at the cell periphery (> 600 kPa) presumably due to the underlying plastic substrate. The nuclear region appeared softer when compared to the cellular body, showing Young's modulus values between (Figure 4a ). The elastic modulus for both control and exposed cells was about one magnitude higher than those of the live cells 83, 84 presumably due to the experimental conditions being used (i.e., glutaraldehyde fixation 84 and/or AFM indentation approach performed at low speed). 85 The average Young's modulus of unexposed cells and cells exposed to MWCNTs for different onsets are shown in Figure 4b (whole cell) and 4c (cell nucleus) respectively. Analysis showed that 1 and 3 h exposures did not result in significant changes in the elastic moduli of the whole cells being studied however, 3 h exposure lead to significant changes in the Young's modulus of the nuclear regions of the exposed cells relative to their control counterparts. For longer exposure (>6 h), the elastic moduli of exposed cells (both whole cells and cells nuclei) showed a significant increase relative to their controls at the corresponding time points (p*<0.05), presumably because of the larger cellular accumulation of the uptaken nanotubes. 32 Specially, after 6 h, exposed cells showed an increase of about 39% and 49% of their whole and nuclear Young's modulus respectively relative to their counterparts, i.e., unexposed cells. At 12 h, exposed cells also showed an increase in their overall Young's modulus of about 22% and an increase of 28 % in their nuclei Young's moduli both relative to their control counterparts. Such increases in Young modulus were significant and presumably due to the interactions of uptaken MWCNTs with cytoskeleton filaments like actin 86 or microtubules, 35 or the DNA. 72 The current study contributes to advancing understanding of both biochemical and biomechanical cellular transformations upon exposure to MWCNTs with our analysis showing that early-induced cellular responses could be considered/have the potential to become adverse. In particular, our results emphasize the importance of studying the MWCNT-induced cell transformations at early onsets to understand the fundamental interactions of the uptaken MWCNTs with the cellular components, their cellular translocation and overall influence on the cellular fate. With the known affinity of the internalized MWCNTs for cytoskeletal elements, 28, 35, 87 and cellular biomechanics ability to regulate homeostasis, cell proliferation, motility, and differentiation, [88] [89] [90] subtle changes in the cellular mechanical properties can be correlated with phenotypical transformation and cancer initiation. 91 While to our knowledge no previous studies have reported biomechanical cellular changes induced by exposure to MWCNTs at early onsets, our study is supported by a previous one showing that 24 h of exposure to MWCNTs induce changes in cellular biomechanics with nanotubes localization at the cell nucleus resulting in potential cell transformation to a malignant phenotype. 26 The differential, time-dependent mechanical changes observed upon early onsets cellular exposure could thus help prevent MWCNT-induced deleterious effects by reducing the risks for cell transformation. 28, 34, 36 Further, our studies stress that in order to circumvent deleterious effects associated with nanomaterials exposure and to advance MWCNTs implementation in biomedical applications, one not only has to tightly control the exposure time but further to evaluate cellular changes and cellular ability to regain its homeostasis and how such processes are related to the differential time-dependent exposure. In particular, it is expected that assessment of early onsets of exposure derived from such studies would lead to more protective measurements than those based on direct adverse effects. For instance, such an assessment could provide a secondary level of prevention when exposure to MWCNTs is being considered; 92 by helping identify and distinguish early on the possible reactivities of the nanomaterials, methods to minimize their induced risks early in their design or manufacturing and down-stream user processes could be established.
Conclusions
The present study showed that exposure of human lung epithelial cells to occupationally relevant doses of user-characterized MWCNTs leads to their time-differential uptake, and induced ROS generation and biomechanical cellular changes. In particular, our study showed that most of the MWCNTs uptake occurred within 6 h of cellular exposure. Furthermore, our results showed that 3 h exposure leads to changes in the cell elastic properties with further changes in the overall biomechanical properties being gradual and dependent on the exposure time. Assessment of the biomechanical properties of the exposed cells and their changes in elasticity suggest the ability to determine the underlying basis for MWCNT-induced cell transformation and toxicity using in vitro model cellular systems. (24  µg/cm 2 ), cells exposed to free Alexa-BSA, and cells exposed to Alex-BSA-MWCNT conjugates respectively at different time points. FITC signal for the Alexa-BSA or MWCNT-based conjugates was recorded using excitation at 488 nm and emission at 515 nm; at least 10000 events were contained and analyzed in the gated area. (b) Comparative cross-analysis of normalized FITC signal of cells treated with Alexa-BSA-MWCNT conjugates at different time points. All differences were considered statistically significant for p* <0.05. 
